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Abstract - A practical approach for magnetic core- 
loss characterization up to a few megahertz is 
presented. An error analysis is for the first time 
performed, revealing that corrections are needed 
to compensate for errors introduced by extra 
phase shifts inherent in a measurement setup, 
and by shunt parasitic capacitance associated 
with an inductive device under test. A simple 
technique is then proposed to control the error 
so as to satisfy prescribed tolerances. Extensive 
measurements done on a TDK PC40 core yield 
results which support the analysis. Several sam- 
ple cores are then characterized at a few mega- 
hertz. 
1 Introduction 
In magnetic designs, the core loss and the permeabil- 
ity are two essential parameters representing inherent 
characteristics of a magnetic material. Often a designer 
may find that such data are not available for either a 
particular frequency or a particular flux density. In this 
situation, the designer has to determine them by him- 
or herself. This is particularly true for research and de- 
velopment purposes, since sample-to-sample variations 
of a given core material can be as high as up to f30% 
according to [l]. 
Because of the nature of the magnetic field and the 
complex mechanisms involved, the core loss and the per- 
meability can not be expressed by accurate, yet simple 
closed-form formulae. Hence, experimental techniques 
are usually used instead. 
There are basically two categories of techniques: indi- 
rect and direct methods. The indirect method is typified 
by the calorimetric method. It enjoys high accuracy in 
measuring the dissipated power. However, major disad- 
vantages are that: it is very difficult to set up, and it 
can not distinguish the copper loss or the core loss from 
the total loss. 
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Direct methods measure directly the voltage and cur- 
rent, and then construct the loss power in a certain way. 
An appealing advantage is that it is easy to set up and to 
reproduce a measurement. A direct method can main- 
tain good accuracy if the extra phase shift due to par- 
asitics is handled properly. As reported in 121, a direct 
method generated results which were confirmed by an 
independent calorimetric method to be within f4% in 
error. Direct methods have been popular for simplicity 
and reasonable accuracies. 
Many direct methods have been reported in the liter- 
ature(see, for example, [3, 4, 5, 6, 7, 81). While most of 
the authors realized the fact that for a direct method the 
extra phase shift, inevitably associated with parasitics 
of the measurement setup, may throw the whole mea- 
surement off its true value, no effective methods were 
proposed to deal with this notorious error. Common 
practices have been either to use awkward methods to 
control the extra phase shift or to resort to exotic equip- 
ment. A solution for the problem is proposed here. 
It is the purpose of this paper to present a practical, 
yet accurate approach for characterizing magnetic core 
materials. This approach is practical since it is easy to 
use and it employs conventional equipment. It is accu- 
rate since it has an error analysis which can be utilized 
to satisfy prescribed tolerances. 
Outline of Discussion 
Section 2 discusses modeling aspects for the core loss 
as well as the permeability. Section 3 describes details of 
the measurement setup. An approximate equivalent cir- 
cuit is derived for the toroidal transformer, which facil- 
itates the error analysis. Details on how to obtain data 
with dc bias are also included. Section 4 presents an er- 
ror analysis for measurements of the core loss as well as 
the permeability. Useful expressions are derived for de- 
termining the core loss and permeability, satisfying pre- 
scribed tolerances. Section 5 provides actual measured 
results for several sample materials. Core loss data at 
several hundred kilohertz for TDK PC40 are first pre- 
sented and compared to typical data published by TDK. 
These two sets of data have excellent agreement, sup- 
porting the analytic results. Then several sample mate- 
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rials are characterized at megahertz frequencies. Section 
6 summarizes main results. 
2 Mathematical Models 
The modeling aspects of the approach are discussed 
in this section. 
A .  The Core Loss 
The core loss is the sum of three components: the 
hysteresis loss, the eddy current loss, and the residual 
loss. The hysteresis loss is due to the multi-valued nai 
ture of the hysteresis loop. Suppose that a magnetic 
specimen is excited from zero to the maximum field and 
then back to zero field. At the end, the returned power 
is less than the supplied. The lost power can basically 
be considered to have been used for the reorientations of 
the magnetic domains. This loss is proportional to the 
area encircled by the upper and the lower traces of the 
hysteresis loop. Since the shape of the loop is normally 
taken to be independent of frequency(see [9, 10, ll]), it 
can be seen that the hysteresis loss is directly propor- 
tional to frequency f and the square of peak flux density 
BZ. 
If a time-varying magnetic field is applied to a speci- 
men, eddy current will be induced. These current gen- 
erate a certain amount of ohmic loss, which is normally 
called the eddy current loss. To reduce eddy current 
loss, materials with high resistivities such as ferrites are 
preferred. However, high resistivities have to be sacri- 
ficed for high permeabilities, hence they cannot be made 
too large. The eddy current loss is proportional to f2 
and B2(see [12, 131). 
The hysteresis loss and the eddy current loss account 
for a large portion of the total loss. The rest of it is nor- 
mally called the residual loss. Mechanisms behind these 
are complex. Experiences indicate that the residual loss 
is proportional to frequency f and peak flux density B .  
Since all three components are related to f and B ,  
the following empirical formula is chosen as the model 
for the core loss, 
Pje = kV,f"'B" , (1) 
where V, is the volume of the core, f the operating fre- 
quency, and E ,  m, and n are constants. It will be shown 
below that this formula actually works better than the 
one used in [5]. 
B. The permeability 
Permeabilities represent the abilities of a given mate- 
rial to be magnetized under various conditions. The 
characteristic of magnetization is highly nonlinear, 
which directly translates into permeability's strong de- 
pendence on flux density. Different applications may 
call for different models. For example, for Ni-Zn fer- 
rites, under low flux densities, the following model was 
found to fit the measured data very well [5], 
In the following, (2) will be used as a working example 
to determine the amplitude permeability. 
C.  Curve Fitting 
The mathematical models for the core loss and the 
permeability require the determination of the constants 
pr, a, k, m, and n. These constants can be obtained by 
the technique of curve-fitting(see, for example, [14, 51). 
The returned parameters, p* ,  a*, k*, m*, and n*, can 
then be regarded as inherent material constants. 
3 Measurement Setup 
The measurement setup and the acquisition of the 
data for curve-fitting are discussed in this section. 
Magnetic core manufacturers usually provide the loss 
data for symmetrical sinusoidal flux densities, because 
of its convenience for measurements and specifications. 
This practice is followed here. 
Also, sinusoidal data can be used to estimate data 
for nonsinusoidal cases. For example, it was found re- 
cently in [13] that the core loss corresponding to a bipo- 
lar square-wave voltage is related to that of a sinusoidal 
voltage by a multiplying factor 8/n2. 
Figure 1 is a general schematic illustration of the ac- 
tual measurement setup. An HP3330B synthesizer and 
an HP3570A network analyzer are used for the acqui- 
sition of measured data. A sinusoidal voltage from the 
synthesizer is amplified by an Amplifier Research Model 
25A100 amplifier. This voltage is then applied across 
the primary of a toroidal transformer. The secondary 
winding is wound in a bifilar fashion with a turns-ratio 
1:l. The measured voltage is the one across the open- 
circuited secondary terminals. The measured current 
is the sensed current from the current sensing resistor. 
This configuration can avoid the effect of the primary 
leakage impedance, i.e., the leakage inductance and the 
winding resistance, to the extent that the equivalent 
lumped circuit model is valid[l5, 161. 
The flux density can be directly monitored by a scope, 
viewing the waveform of the measured voltage, since this 
voltage is proportional to the derivative of the flux den- 
sity with respect to time. During all measurements this 
waveform is closely monitored for any possible distortion 
in order to guarantee the desired sinusoidal flux density. 
For high frequency applications, any design is core loss 
limited. The flux density is well below saturation, and 
this implies that the device works primarily on the lin- 
573 
D.U.T. HP33308 .__.._..._. 
Synthesizer Amplifier 
Rerscrcn 
HP3570A Model 25A100 
Analyzer Amp1 i f  fer 
Figure 1: Schematic of the measurement setup. 
Figure 2 :  Schematic for the measurement fizture. 
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Figure 3: Equivalent circuits for a transformer. 
ear part of the E H  loop. Therefore, the distortion can 
be assumed negligible. 
Figure 2 is a schematic diagram of the measurement 
fixture which is built with special attention to minimize 
parasitic capacitance and inductance. The sensing re- 
sistor is realized with 10 carbon resistors connected in 
parallel. Its frequency response was measured to be flat 
from lkHz to 20MHz. A 70pH inductor is introduced to 
bypass the dc current in case a dc bias test is performed. 
A dc bias current Idc is generated from an HP6130C dig- 
ital voltage source controlled by an HP9836 computer. 
The fixture with a dc bypass inductor was checked for 
its frequency response. No additional phase shift is in- 
troduced in the frequency range of interest. 
The whole measurement setup is calibrated with ter- 
minals 1, 2, and 3 are all shorted together by a piece 
of wire. In this way all remaining parasitics associated 
with coax cables, the probes, and etc., are all accounted 
for. 
Each sample core is demagnetized before a measure 
ment by reducing the magnitude of the ac excitation 
voltage gradually to zero(dynamic demagnetization). 
A n  Equivalent Circuit 
Circuit (a) of Fig. 3 is a general equivalent circuit 
model for a transformer. It was used successfully for 
very wide-band RF transformer designs in the frequency 
range from lOOkHz to 30MHz[16]. 2, is the output 
impedance of the source. Xc is reactance presented by 
the shunt parasitic capacitance of an inductive winding. 
Note that it also includes the input capacitance of a volt- 
age probe used to measure the voltage. 211 is the series 
combination of the leakage inductance and the winding 
dc and ac resistances. L, is the magnetizing inductance 
associated with the main flux of the transformer. I&,, is 
the resistance representing the core loss. 
It will become clear later on that, for the purpose 
of determine a permeability with sufficient accuracy, an 
approximate circuit in the form of Circuit (b) of Fig. 3 
is preferred. The condition for a good approximation 
can be established as 
2, + Zll < xc . (3) 
Note that this condition is normally well satisfied since 
the parasitic capacitance is on the order of ten pico- 
farads. 
4 Error Analysis 
Error analysis is performed in this section. Errors as- 
sociated with core loss measurement are analyzed. Then 
the effect of parasitic capacitance is examined. 
A .  Correction for Phase Angle 
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The loss power of the device under test can be con- 
structed from the measured voltage, current, and the 
phase angle by 
P = VIcos4 . (4) 
The accuracy of the constructed power is largely de- 
pendent on the accuracy of the measurement for the 
phase angle 4. The total increment of the power can be 
written as 
6P 6P 6P 
6V 6I 64 
A P = - A V + - A I + - A 4 .  (5) 
Since the voltage and the current can usually be mea- 
sured with sufficient accuracy, AV and A I  can be as- 
sumed to be diminishingly small. Hence the total incre- 
ment of the power can be rewritten as 
where A4 can be regarded as the phase error from the 
measurement process, and A P  the power error due to 
A4. 
Straightforward algebra leads to the following expres- 
sion for the relative power error, 
(7) 
This expression captures explicitly the problem of high 
error sensitivity of the constructed power(AP/P) over 
the phase error(A4). It is seen that as 4 approaches 90°, 
A$ has to go to zero in order for A P / P  to have a finite 
value. Since it is virtually impossible to eliminate Ad, 
any effort to control A4 is doomed to failure. This is 
an essential difficulty which plaques the direct method. 
Exposing the difficulty, (7) also provides a simple, yet 
effective solution. Indeed, (7) indicates that for a certain 
value of Ab, the value of tan4 can be controlled in order 
for A P / P  to have a diminishingly small value. 
For example, take the relative power error to be lo%, 
then straightforward algebra yields, 
1 1 
For any given phase error lA41, the above inequality 
gives a feasible region of the phase angle 4 within which 
the measured power will be at most &lo% away from 
the actual value. Typically, 
In actual measurement, the phase angle may not be in 
the feasible region, since low loss and high permeability 
are always desired properties of a material] which di- 
rectly translates into a phase angle close to 90°, where 
error sensitivity is very high. In this circumstance, a low 
loss capacitor can be connected across the secondary to 
= 3O, 141 < 63'. 
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Figure 6: A typical error distribution for curve-fitting 
575 
bring the phase angle to the desired value. Fig. 4 il- 
lustrates the underlying principle. This technique was 
mentioned in [17], but its importance was never fully 
realized. 
Introducing an additional capacitor will degrade the 
accuracy. This added error can be compensated for by 
tightening up the prescribed tolerance. In other words, 
the capacitor doesn’t have to be lossless. 
B. Correction for Measured Current 
The parasitic capacitance associated with the toroidal 
transformer can also introduce error in determining the 
permeability. Fig. 5 shows the derived approximate 
equivalent circuit together with the corresponding pha- 
sor diagram of various currents. VI is the measured 
voltage, I is the measured current, and I1 is the current 
needed for determination of the permeability. Since I1 
cannot be measured physically, it will have to be derived 
from other measurable quantities. From the principle of 
the conservation of energy, the following should be met, 
P = v, Icos4 = v, I ,  cos41 , (9) 
which leads to 
where 41 = q5 + 4c. is due to the capacitive cur- 
rent I,, and its value can be determined from an inde- 
pendent measurement of the frequency response of the 
impedance defined by Vi / I. 
It can be seen that the closer the measuring frequency 
is to the self-resonance frequency of the inductive device 
under test , the greater the error is due to I C .  
C. The Proposed Procedure 
Based on results so far obtained, the following pro- 
cedure can be formulated for practical determination of 
the core loss as well as the permeability: 
Choose proper models for a particular application. 
Measure the impedance(K/I) of the toroidal trans- 
former to be tested, and determine 4,. 
Use I1 = (cosq5/cost$~)l to generate data for per- 
meability fit. 
Determine the overall phase error of the measuring 
setup, and choose the tolerance for core loss fit. 
Determine the feasible region for the phase angle. 
Check if the actual angle is in the feasible region 
or not. If not, use a low-loss capacitor to bring the 
angle to the desired value. 
Generate data for core loss fit. 
Perform the curve fitting, respectively. 
5 Measured Results 
In this section actual measurement results are pre- 
sented. 
A .  Core Losses 
A TDK T1628-13 core was used for test purposes. 
Data were generated according to the proposed proce- 
dure at  50, 100,200,300,400, and 500kHz, respectively. 
With each frequency, the flux density was swept. Flux 
densities were maintained in the same range, 50-32OmTl 
for all measurements. Fig. 6 shows a typical curve fit- 
ting error distribution. The maximum error is less than 
f3%. This is better than results reported in [5], where 
typical error was &lo%. The minimized error sum F’ 
over 100 measuring points is very small, showing that 
the empirical model for the core loss fits the measured 
data well. Table 1 is a summary of the determined k‘s, 
m’s, and n’s from the curve fitting. 
The core loss for TDK PC40 material can be repre- 
sented by 
(11) Pjc = 2.08 x 10‘6f 1.43B2.41 , 
where Pfe  is in W/cm3, f in Hz, and B peak value in 
Tesla. 
Compared to data provided by TDK, 
(12) P = 2.0 x 10-6f 1.4sEa.57 , 
this prediction is slightly larger. This can be attributed 
to two facts: 1) the sample-to-sample variation of a core 
material; and 2) the anisotropy compensation tempera- 
ture for PC40 is placed around 80° according to TDK 
data. Our measurements were, however, done at  room 
temperature. Hence the loss is expected to be a little 
bit larger. Therefore, the agreement of the two sets of 
data is excellent, validating the proposed approach. 
The proposed approach is then applied to several sam- 
ple cores. They are TDK’s PC40, and K6A, and Ceram- 
ics Magnetics’ CMD5005, CN20, MN8CX, and C2025. 
PC40 and MN8CX are Mn-Zn ferrites, and the rest of 
the cores are Ni-Zn ferrites. Since data for any mag- 
netic materials at lower hundreds of kilohertz are avail- 
able from their manufacturers, the characterizations of 
the sample materials will focus on data around lMHz 
at which data are not readily available. 
Table 2 collects the determined parameters for core 
losses of sample cores at 1MHz. These data suggest 
that under our measurement conditions, the eddy cur- 
rent loss dominates the total core loss. 
Fig. 7 presents core losses for PC40 at  different dc 
bias current values. It can be seen that the core loss 
increases drastically with the increase of dc bias current. 
The implication of this result is significant. It is revealed 
that for a magnetic device with dc bias flux, the actual 
core 
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Table 1 
TDK PC40 
DETERMINED PARAMETERS FOR CORE LOSSES FOR 
F'req.(kHz) h' 
50 2.10 
100 2.09 
m' n* F* 
1.43 2.41 0.119 
1.42 2.41 0.065 
2.02 1.42 2.38 0.038 
2.09 1.43 2.40 0.040 
2.10 1.43 2.43 0.062 
2.10 1.44 2.42 0.074 
Core Materials 
at lMHz 
CMD5005 
I Average I 2.08 I 1.43 I 2.41 1 0.066 I 
Determined Parameters 
k* [ m' [ n+ I F' 
2.04 I 1.96 I 2.03 I 0.419 
Core Materials 
at lMHz 
CMD5005 
CN20 
I K6A I 1.97 [ 2.03 I 2.00 I 2.056 1 
Determined Parameters 
144.0 0.09 0.795 
84.6 0.09 3.160 
p; a* F' 
B. Permeabilities 
Table 3 summarizes the determined p's and a's for 
Ni-Zn cores at 1 MHz, where (2) was used. 
Permeability variation data as a function of dc bias 
field are valuable for designing magnetic devices with 
controllable reluctances. A magnetic regulator charac- 
terized in [18] is such a device. The proposed approach 
can handle cases with dc bias without any further dif- 
ficulties. Fig. 8 shows the variations of the permeabil- 
ity with changes of dc bias current. Permeabilities are 
m < 
0 \
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Figure 7: Core losses for PC40 with dc biases. 
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Figure 8: Permeabilities with dc biases. 
observed to be decreasing with the increase of dc 
current, exhibiting a saturation pattern. 
bias 
It should be noted that with de bias, the permeability 
actually measured is the incremental permeability. This 
permeability should be distinguished from the differen- 
tial permeability(see [ll] for details). 
6 Conclusions 
A practical approach for characterizing magnetic ma- 
terials is proposed. This approach is accurate and yet 
simple to use. It uses conventional equipment and can 
be tailored to satisfy prescribed tolerances. 
An error analysis is performed. A technique is then 
proposed to control the notorious error sensitivity due 
to the extra phase shift. Also, a correction is found to 
be necessary for the determination of permeabilities to 
compensate for the effect of the parasitic shunt capaci- 
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tance associated with an inductive device under test. 
A TDK PC40 sample core is measured extensively 
at low frequencies. Results are compared with typical 
data provided by TDK. Excellent agreement is observed, 
validating the proposed approach. 
This approach can be used to determine core losses 
as well as permeabilities for a given magnetic material 
at different frequencies and flux densities, in the event 
that the data are not available or the sample-to-sample 
variation has to be considered. 
This approach is equally applicable to cases where dc 
bias is present. The core loss data for PC40 reveal that 
the actual core loss with dc bias can be several times 
larger than what manufacturer’s data with no dc bias 
suggest. 
To illustrate applications of the proposed approach, 
several sample cores are characterized. Core loss data 
as well as the permeability data at megahertz frequency 
range are obtained, which can be used to guide a prac- 
tical design. Permeability data with dc bias are also 
obtained. 
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